The biocidal and biostatic activities of seven glycol monoalkyl ether compounds were evaluated as part of an effort to find an improved anti-icing additive for jet aircraft fuel. Typical fuel contaminants, Cladosporium resinae, Gliomastix sp., Candida sp., Pseudomonas aeruginosa, and a mixed culture containing sulfatereducing bacteria were used as assay organisms. Studies were carried out over 3 to 4 months in two-phase systems containing jet fuel and aqueous media. Diethylene glycol monomethyl ether, triethylene glycol monomethyl ether, triethylene glycol monoethyl ether, and 2-methoxyethanol were generally biocidal in aqueous concentrations of 10 to 17% for all organisms except Gliomastix, which required 25% or more. 2-Ethoxyethanol, 2-propoxyethanol, and 2-butoxyethanol were biocidal at progressively lower concentrations down to 1 to 2% for 2-butoxyethanol. The enhanced antimicrobial activity of these three compounds was attributed to cytoplasmic membrane damage because of the correlation between surface tension measurements and lytic activity with P. aeruginosa cells. The mechanism of action of the less active compounds appeared to be due to osmotic (dehydrating) effects. When all requirements are taken into account, diethylene glycol monomethyl ether appears to be the most promising replacement for the currently used additive, 2-methoxyethanol.
The addition of 2-methoxyethanol (MM) to jet aircraft fuels in 0.1 to 0.15% concentrations serves the dual purpose of preventing ice formation when the fuel is cooled and inhibiting the growth of microorganisms in the water bottoms of tanks (10, 11) . However, this additive lowers the flash point of the fuel (2) . This property makes it difficult for refineries to meet fuel specifications, and the problem has been aggravated recently by increasing fuel costs. In an attempt to mitigate this situation, a search has been made for compounds that satisfy the antiicing requirement but do not lower the fuel flash point (7) . Because a suitable replacement for MM must also have at least comparable antimicrobial capabilities, the present investigation was carried out to evaluate the biocidal and biostatic properties of candidate compounds. A secondary objective was to examine the mechanism of the antimicrobial action of glycol-ether compounds with an emphasis on their property of lowering surface tension and producing lytic effects.
The usefulness of an anti-icing additive (AIA) depends on its solubility and partitioning characteristics. It must have at least some solubility in hydrocarbons so that the fuel can serve as a carrier, and assure the availability ofthe additive at whatever sites liquid water is present in a fuel system. Considerable water solubility is also required if the additive is to partition sufficiently into a liquid water phase to inhibit icing. It may, like MM, be lethal for microorganisms in "dry" fuel (10, 15) , but it must also enter the water phase to inhibit microbial proliferation. For these reasons, this investigation was confined to determining the inhibitory concentrations of additives in the water phase.
MATERIALS AND METHODS AlAs. The prospective additives examined were all glycol ethers: MM, 2-ethoxyethanol (ME), 2-propoxyethanol (MP), 3- Frequent visual examinations were made for evidence of microbial growth such as turbidity, sediment, or pellicle formation at the fuel-water interface. Observation continued for 4 months. A microscopic examination of the aqueous phase was made monthly for indications of fungal spore germination and abnormalities in cell morphology. Viability was assessed bimonthly by removing from the aqueous phase a 0.1-ml sample that included particulate material from both the sediment and the fuel-water interface and then spreading it on the surface of an agar medium of the same composition described above for culturing the respective microorganisms. These subcultures were incubated at 260C for up to 4 weeks to observe growth.
Anaerobic evaluations. Anaerobic evaluations were conducted with screw-capped test tubes (2.5 by 15 cm) containing 30 ml of sterile JP-5 fuel overlying 20 ml of an aqueous medium for sulfate-reducing bacteria prepared as described elsewhere (13) . The aqueous phase consisted of 25% seawater, the required amount of AIA, 4 ml of inoculum, 0.3% Trypticase soy broth (without dextrose, BBL), 0.2% MgSO4 7H20, 0.24% sodium lactate, 0.01% ascorbic acid, 0.01% sodium thioglycolate, and 0.02% Fe(NH4)2(SO4)2 H20.
Before addition to the tubes, the inoculum was treated briefly with nitrogen bubbles to remove hydrogen sulfide.
Growth of the bacteria was followed for 3 months by observations of blackening due to ferrous sulfide formed by the reaction of the iron in the medium with the sulfide produced by bacterial reduction of sulfate. At the end of 19 days, 1.0 ml of the aqueous phase was removed from the tubes in which no growth was apparent, transferred to 10 ml of triple-strength Sisler medium (16) in screw-capped test tubes (1.6 by 12.5 cm), and overlaid with a 3-cm layer of paraffin oil. Blackening of the Sisler medium was taken to mean that the bacteria had survived exposure to the AIA solution but were unable to grow in it.
Surface tension. The drop volume method was used to determine the surface tension of AIA solutions (9) . Drops were formed at 25.0°C on a precisionground glass tip with an Agla micrometer syringe (Burroughs Welcome Co.). The standard deviation of each determination was <0.4.
Partition coefficient. Determinations of the distribution of AIA between water and JP-5 jet fuel after reaching equilibrium at 22 to 24°C were made from the known quantity of AIA initially added (to the fuel or the water), the volumes of the two phases, and the concentrations in the aqueous phase. A refractometer was used to measure the concentration.
Lysis. To assess the propensity of the AIAs to damage cell membranes, P. aeruginosa preparations sensitive to lytic agents were prepared according to a modified Godson-Sinsheimer procedure (6 Table 2 except for that of ME, which was biostatic at 2 to 5% for P. aeruginosa, and for MM, DM, TM, and TE, which were biostatic at 10 to 17% for Gliomastix. The AIA concentrations given in Table 2 (10, 12, 15) . However, there seems to be general agreement that these materials act slowly and are required in high concentrations, as are the parent compounds ethylene and polyethylene glycols (5, 14) .
There was some indication that the glycol ethyl ethers ME and TE were inhibitory at somewhat lower concentrations than their methyl homologs, but it was only with the propyl and butyl ethers that substantial reductions in biocidal concentrations were generally found (Table 2) . Sharply increasing antimicrobial effectiveness with increases in alkoxy chain length was also observed by Rubidge (15) Fig. 1 . The results are readily interpretable in terms of molecular structures according to principles that are well established for such compounds (1) . The length of the alkoxy chain is obviously the predominant factor in lowering the surface tension. It is of interest that the AIA solutions that are biocidal generally have surface tensions in the rather narrow range of about 50 x 10' to 60 x 10-N/m (Fig. 2) where the surface tension of the mean concentration of the range given in Table 2 is plotted on a molal scale. Only the MB values fall substantially outside this range. This suggests that the concentration of any of the AIAs need only be sufficient to lower the surface tension by 10 X 103 to 20 x 103 N/m to become biocidal.
Lytic effects. The release of 260-nm-absorbing material from intact P. aeruginosa in the presence of AIAs was slow and difficult to determine reproducibly; however, MP and MB consistently promoted the greatest leakage. Lytic effects were greatly accelerated and enhanced by pretreatment of the cells with dilute lysozyme in the presence of ethylenediaminetetraacetic acid. This was apparently the result of damage to the cell wall, which facilitated access of the AIAs to the cell membrane (6) . Results of these studies are presented in Fig. 3 . The leakage was generally small and insignificantly different from the sucrose control with all AIAs except ME, MP, and MB, which increased lysis sharply and progressively with each increase in carbon chain length of the alkoxy group. The highest concentrations of MB used appeared to produce complete lysis and maximal release of cytoplasmic constituents. Solutions of the ionic detergent sodium dodecyl sulfate (0.1 to 0:5%) produced about the same release of 260-nm-absorbing material. These results are consonant with those of Rubidge (15) , who showed that protein release from Cladosporium spores increased vWith exposure to glycol ether homologs of increasing alkoxy chain lengths.
Mode of action of AIAs. In view of the good correlation between surface tension lowering ( Fig. 1 and 2 ) and lytic effects (Fig. 3) of MB, MP, and ME, it is reasonable to suppose that an important mechanism for the antimicrobial action of these compounds is the disruption of cell membranes. The correlation cannot be readily extended to the remaining compounds, however. TE lowers surface tension more than ME but has less lytic effect, and MM, DM, and TM have low lytic activities not correlated with lowering the surface tension. The various affinities of the AIAs to sensitive hydrophobic cell structures (as indicated by their water-oil partition coefficients) may play a role in these discrepancies, but it is also probable that the biocidal concentrations of TE, TM, DM, and MM, at least, are so high that osmotic effects act to produce dehydration. Indeed, the osmolarity of biocidal solutions of these compounds is similar to that of sucrose and other sugars used in preserving foodstuffs.
Relative susceptibilities of microorganisms to ALAs. There was considerable variation in the susceptibilities of the test organisms to the different AlAs; however, Gliomastix showed a consistently high resistance (Fig. 2) . That this organism was more tolerant of AIAs than the others is perhaps not surprising, because it was isolated from the water bottom of a contaminated tank used to store fuel containing MM. Although Gliomastix has not been implicated as an important contributor to fuel contamination in the past, there is the possibility that this or some other microorganism resistant to the normal levels of AIA now in use will become established in fuel systems. It should also be kept in mind that all glycol ethers are likely to be biodegradable in dilute form (8, 15) , and may thus become nutrients for microbial fuel tank contaminants if the AIA-treated fuel is exposed to more than traces of water.
The results of this laboratory study indicate that any of the additives evaluated would be at least as effective in controlling the growth of microbial fuel contaminants as the MM currently used. Whether they can fulfill this function as well in practice will depend on factors that determine concentration levels in the aqueous phases present in fuel systems. Thus, in spite of the superior antimicrobial effectiveness of MP and MB, the water-oil partition coefficients of these compounds are sufficiently small (15 and 2.5, respectively) that attainment of biocidal levels in water by distribution from a necessarily low concentration in fuel is doubtful; almost certainly, the levels necessary for significant icing protection cannot be reached. On the other hand, an additive with an extremely high water-oil partition coefficient (e.g., TE at 1,120) may be so depleted from the fuel through contact with the water that is sometimes present in a fuel handling system that adequate concentrations would not be present for icing or microbial protection when the fuel finally reaches an aircraft tank. In addition to these considerations, a replacement for MM must not affect fuel properties adversely; in particular, it must not decrease fuel flash points. At present, DM appears to strike the best balance among the requirements for an MM replacement and is being evaluated further.
